A corneal heat-transfer model is presented to quantify simultaneous measurements of fluorescein tear-breakup area (TBA) and ocular-surface temperature (OST). By accounting for disruption of the tear-film lipid layer (TFLL), we report evaporation rates through lipid-covered tear. The modified heat-transfer model provides new insights into evaporative dry eye.
The human tear film provides lubrication and moisture necessary for clear vision and protection of the ocular surface. A thin tear-film lipid layer (~30 to 100 nm) covers thicker aqueous tear (~3 to 5 μm) and serves a key role in slowing evaporation. 1, 2 Evaporative dry eye is associated with excessive tear-film evaporation that contributes to tear hyperosmolarity (e.g., > 600 to 800 mOsm). 3 Increased tear osmolarity leads to ocular discomfort through the activation of corneal nociceptors. Chronic activation potentially disrupts the corneal-lacrimal feedback loop, resulting in dry-eye symptoms. [3] [4] [5] [6] Increased tear evaporation is also considered to be an important contributor to contact-lens wear discomfort. 7 Because of the significant role that aqueous tear-film evaporation plays in ocular-surface health, significant effort has been expended on developing a method to measure in vivo tearfilm evaporation rates. [8] [9] [10] [11] Considerable research has focused on infrared thermography to measure transient ocular-surface temperature as a method to assess tear-film evaporation rates because the liquid-to-gas phase change during tear-film evaporation cools the ocular surface. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Although literature suggests correlation between ocularsurface temperature and tear-film evaporation rates, 10, 11, [13] [14] [15] no simple methodology exists to quantify tear-film evaporation rates from ocular-surface temperature data. Several authors have attempted to diagnose dry-eye disease by measuring the rate of ocular-surface temperature decline over time as a proxy for tearfilm evaporation rates. 14, 16 Unfortunately, this approach is flawed because transient ocular-surface temperature decline is not directly related to tear-film evaporation rates (described in Appendix A, http://links.lww.com/OPX/A326). We also demonstrate that tear-film evaporation rates are neither constant in time nor constant across the cornea. Further, tear-film evaporation rates and cooling rates depend strongly on environmental conditions such as ambient temperature, relative humidity, air circulation, and core body temperature. 17, 18 Recently, Tan et al. 11 developed a heat-transfer model to isolate the evaporative contribution to ocular-surface cooling and extract overall tear-film evaporation rates by considering the average ocular-surface temperature over the entire cornea. However, their model does not consider variations in local tear-film evaporation rates over regions of the tear film undergoing breakup. 11, 19 The importance of corneal spatial variation in ocular-surface temperature is found in recent research establishing colocalization of fluorescein tear-film breakup areas and regions of enhanced cooling. 15, 20 Fig. 1 shows representative sequential images of simultaneous tearfilm breakup areas and ocular-surface temperature patterns from Li et al. 15 Left panels display transient growth of tear-rupture areas (black) under fluorescein instillation. Corresponding right panels demonstrate simultaneous growth of relatively cooler areas (darker regions). Cool areas grow in direct correlation with tear-rupture area growth. Li et al. 15 also report that cooling is observed 1 to 2 seconds before subsequent and coincident tearfilm breakup area is observed. This result implies that spatial ocular-surface temperature gauges the active process of tear-film evaporation, whereas tear-film breakup area reflects local regions of the tear film thinned enough by evaporation to initiate blackness by fluorescence quenching. 21, 22 These observations coincide with the recent theory of Peng et al., 2 arguing that prior tear-film lipid-layer disruption is a precondition for subsequent formation of tear-film breakup area. 23 Because the tear-film lipid layer inhibits aqueous evaporation by approximately 70 to 90%, 1, 2, 8, 24, 25 tear-film lipid-layer rupture spots cause locally elevated tear-film evaporation rates that open deepening fissures in the tear film. 8, 15, 25 These fissures appear as expanding black regions under fluorescein examination. Enhanced rates of evaporation through cooler lipid-free tear-film breakup areas contribute significantly to overall average tear-film evaporation rates. This phenomenon has been hypothesized previously [11] [12] [13] [14] [15] 26 but not proven quantitatively. We develop a quantitative model for in vivo tear-film evaporation rates through spatially varying lipid coverage of tear. An extended heat-transfer calculation is outlined to extract in vivo tear-film evaporation rate from combined ocular-surface temperature and tear-film breakup area data that accounts for tear-film lipid-layer disruption. The newly developed heat-transfer model is applied to ocular-surface temperature and tear-film breakup area data for nine subjects obtained via simultaneous infrared thermography and image analysis of fluorescein tear-film breakup measurements. 15 Physically realistic tear-film evaporation rates through intact tear-film lipid-layer regions are found only when enhanced aqueous tear evaporation through lipid-ruptured areas is accounted for.
METHODS

Subjects
Simultaneous measurement of transient ocular-surface temperature and tear-film breakup area was interpreted for nine subjects from Li et al. 15 Subjects were recruited from the University of California, Berkeley, and the surrounding community. Subjects taking systemic or ocular medication or with a history of ocular disease or surgery were excluded. No exclusion was made based on contact-lens wearing status, but subjects were asked to discontinue contact-lens wear for at least 24 hours prior to measurement. Subjects were instructed to refrain from applying eye makeup or eye drops on the day of the visit. Informed consent, with a complete description of the goals, risks, benefits, and procedures of the study, was obtained from all participants. This study observed the tenets of the Declaration of Helsinki and was approved by the University of California, Berkeley Committee for Protection of Human Subjects.
Ocular-Surface Temperature and Tear-film Breakup Area Measurement
As discussed in detail elsewhere, 15 transient ocular-surface temperatures were obtained using an FLIR A655sc (FLIR Systems, Wilsonville, OR) microbolometer infrared thermographer. A digital video camera (DXC390 3CCD Exwave HAD; Sony Electronics, Tokyo, Japan) was attached to a slit lamp to record tear-film breakup area.
In all cases, subjects were acclimated to the testing environment for 10 minutes. 15 Subject core temperatures were measured using an Exergen temporal artery thermometer (Exergen Corporation, Watertown, MA). Table 1 reports measured core temperatures for the nine subjects. Room temperature (24.8 ± 1.0°C) and relative humidity (near 50%) were recorded using a combination digital hygrometer and thermometer (DHT700; General Tools & Instruments, Secaucus, NJ).
A micropipette was used to instill 4 μL of 2% sodium fluorescein dye onto the superior bulbar conjunctiva of the right eye; subjects were asked to close and roll their eyes to distribute the dye evenly. Subjects were positioned in the slit lamp and instructed to blink five times and then to refrain from blinking while the digital video camera and infrared thermographer simultaneously interrogated the ocular surface. Fig. 1 illustrates typical results.
The FLIR+ Tools software suite (FLIR Systems) was used by an experienced observer (WL) to specify a defined region of interest corresponding to the cornea in the infrared recordings. The region represented 4000 to 7000 measurement points (accounting for anatomical variation), with the mean value of the points taken as the mean ocular-surface temperature. 15 Image-processing software (NI LabVIEW Vision Assistant 2012; National Instruments, Austin, TX) quantified tear-film breakup area over time during the interblink period using the method described elsewhere. 15 Fig. 2 graphs resulting tear-film breakup areas from the video recordings (filled symbols), reported as a fraction of total cornea evaporation area, f B , versus time, for three representative subjects. In all cases, area fraction increases roughly linearly with time following eye opening. As expected, the rate of area-fraction increase is subject dependent. In all cases, the rate of increase in area fraction slows somewhat at later time as the area fraction grows.
We follow Li et al. 15 and express the tear-film breakup area fraction in Fig. 2 as a straight line in time starting from time zero at eye opening
where a is the best eye-fit slope. Fig. 2 illustrates the straight-line fits, whereas Table 1 lists the resulting values of a for the nine subjects studied. Eq. 1 accounts for the finite time before initial tear breakup because of the threshold-luminance averaging utilized to capture tear-film breakup area. 27 More precise estimation of f B demands correction for tear-breakup lag time. Fortunately, Eq. 1 gives a useful estimate of tear-film breakup area. Fig. 3 graphs companion ocular-surface temperature versus time (filled symbols) for the three representative human subjects whose corresponding tear-film breakup area fractions are exemplified in Fig. 2 . In all cases, ocular-surface temperature decreases nonlinearly with time and to different final temperature asymptotes. In addition, each subject exhibits a different initial ocular-surface temperature that corresponds to a different body temperature, T B (Table 1 ). Higher initial ocular-surface temperatures correspond to higher body temperatures.
Tear-Film Evaporation Rate Measurement
A physically based framework is required to ascertain tear-film evaporation rates from measurement of corneal-averaged ocularsurface temperatures and fluorescein tear-film breakup areas. Following others, we apply local conservation of energy. 11, [28] [29] [30] Careful calculations of heat transfer in the eye evidence temperature profiles that decline from body temperature at the retina toward the preocular tear film. [28] [29] [30] Most of the eye-temperature decline, however, is sandwiched between the crystalline lens and the tear film. 10, 11 To provide a convenient approach for quantifying tearfilm evaporation rates, we lump the lens, anterior chamber, cornea, and tear film into a single composite cornea, as drawn in Fig. 4 . Because typical ocular-surface temperatures are 1 to 2°C below body temperature, T B , heat continually transfers from the back of the eye to the ocular surface (at T s (t)). [11] [12] [13] [14] [28] [29] [30] Accordingly, as shown in Fig. 4 by T o (x) , a closed-eye initial nonuniform temperature profile exists across the eye. Upon eye opening, the corneal surface temperature falls in time as the lower temperature environment and tear evaporation cool the eye. Appendix A, http://links.lww. com/OPX/A326, demonstrates that a one-dimensional analysis of transient eye cooling specifies the declining corneal surface temperature, T s (t) according to Eq. A8. The tear evaporation rate, Ĵ E (in dimensions of mass loss per unit time per unit area), appears as a parameter in Eq. A8. Therefore, to obtain tear-film evaporation rate from clinical measurement of T s (t), the transient ocularsurface temperature data in Fig. 3 are best fit to Eq. A8 as outlined in Appendix A, http://links.lww.com/OPX/A326. Note that Ĵ E in this specific analysis is a constant value averaged over the cornea. Fig. 5 compares calculations from Eq. A8 to typical experimental ocular-surface temperatures in Fig. 3 . Regions between solid curves are ocular-surface temperature predictions for a physically relevant range of Ĵ E values between 10 and 20% of that for pure water (i.e., the values of Ĵ W listed in Table 1) . 1, 2, 8, 24, 25 Better fits to the ocular-surface temperature data in Fig. 5 can be obtained if Ĵ E is set to almost the value for pure water.
We reject the possibility of pure-water evaporation rates for several reasons. First, for a typical tear-film thickness of 3 μm and an evaporation rate of pure water, the tear film disappears within a 5-second interblink exposing bare cornea. Second, direct measurements of human tear evaporation rate, 8, 9, 31, 32 including the most recent by Peng et al., 8 quantitatively confirm the accepted view that the lipid layer provides an important thermal barrier to tear evaporation, upward of 70 to 95% reductions in water evaporation rate. Third, and most important, a constant tear evaporation rate is inconsistent with the findings in Fig. 1 that ocular-surface temperature is distributed nonuniformly across the cornea. Rather, ocular-surface temperature is colder over breakup areas, signifying high evaporation rates, and warmer outside those areas, signifying lower evaporation rates. Accordingly, we impose the limitation that reductions in tear evaporation are significant when the tear-film lipid layer thermally insulates effectively. This limitation is imposed in the regions of Fig. 5 between the solid curves.
Deviation of experiment from theory presented in Fig. 5 starts early on and worsens in time for all three subjects. Especially apparent is the stark disagreement between experimental and predicted final steady-state ocular-surface temperature, suggesting significant underestimation of tear-film evaporation rate at longer times.
Clearly in Figs. 3 and 5, ocular-surface temperature does not fall linearly in time and therefore does not exhibit a constant Comparison of measured and calculated (from Eq. A8) ocular-surface temperature as a function of time for three subjects whose tear-film breakup area fractions are graphed in Fig. 2 . Regions between solid curves correspond to predicted homogeneous 80 to 90% reductions in evaporation rate compared with that of pure water evaluated at T S (0) for a given subject. ocular-surface cooling rate. [14] [15] [16] Even at early times, a linear decline in ocular-surface temperature is not correct. Importantly, Fig. 5 reveals that Eq. A8 (solid curves) does not correctly reflect measured ocular-surface temperature data. Apparently, the assumption that Ĵ E is constant is inadequate. Our explanation for the disagreement from theory in Fig. 5 emerges from examination of Fig. 1 that demonstrates nonuniform ocular-surface temperature distribution across the cornea. In particular, cooler (darker) corneal regions are observed over tear-film breakup areas, corresponding to disruption of the tear film. 15 During an interblink, cooler tear-film breakup areas increase in size and number, further reducing area-averaged ocular-surface temperature.
Peng et al. 2 assert that tear-film breakup areas correspond to evaporative tear rupture under lipid-ineffective tear regions. Without a well-insulating lipid covering, tear evaporation through black spots/streaks is fast, close to that of pure water, compared with that through the remaining areas effectively insulated by lipid. Tear-film breakup areas are therefore cooler, consistent with Fig. 1 . 2, 15 To account for this observation, we express the total cornea tear-film evaporation rate as the area-weighted average through lipidineffective and well-insulating lipid-coated regions or
where Ĵ W is the evaporation rate through lipid-disrupted tearbreakup areas, estimated as that of pure water, and βĴ W is the evaporation rate of tear through intact-tear lipid-covered areas of the corneal surface, where β is the fraction of pure-water evaporation rate due to the resistance of an intact tear-film lipid layer. Alternately, 1-β is the fraction reduction of pure-water evaporation rate by a well-insulating tear-film lipid layer. Eq. 2 demands that tear-film evaporation rate is not a constant characteristic of a given subject in a specified environment. Rather, tear-film evaporation rate increases in time as more tear-film breakup areas appear and grow. That is, f B in Eq. 2 increases in time. Only with a nonruptured/effective-insulating tear-film lipid layer is tearfilm evaporation rate a constant in a given external environment. The increasing tear-film evaporation rate with time in Eq. 2 explains the overestimation of ocular-surface temperature decline from Eq. A8 observed in Fig. 5 . At early time, tear-film evaporation rate occurs slowly through a well-insulating, protective lipid layer before any tear-film breakup areas form (i.e., f B~0 ). Later, poorly insulating/ruptured tear-film lipid-layer areas appear and expand; tear-film evaporation rate increases. A lower average ocularsurface temperature emerges. Cooler expanding black areas in Fig. 1 need not be completely devoid of lipid covering. However, it is requisite that the evaporation rate through the anterior tear surface over expanding tear ruptures is faster than that over the nonruptured tear film. That is, complete lipid-layer rupture is a sufficient but not necessary criterion to explain evaporative-driven tear rupture.
Eqs. 2 and A8 are solved numerically as described in Appendix A, http://links.lww.com/OPX/A326. Four parameters appear in the analysis: Ĵ W , the evaporation rate of pure water; h eff , the effective environmental heat-transfer coefficient; a, the slope of the tearbreakup area kinetics; and β, the ratio of tear-film evaporation rate to that of pure water. As described in Appendix B (http://links.lww. com/OPX/A327), Ĵ W and h eff are measured from separate in vitro water-evaporation experiments; a is determined experimentally for each subject from measured tear-breakup areas, as illustrated in Fig. 2 (Table 1) ; β, the only unknown parameter, is obtained by best fit of Eqs. 2 and A8 to the measured dynamic ocular-surface temperatures in Fig. 3 . Appendix A discusses the procedure.
Incorporation of Eq. 2 into Eq. A8 is not rigorous. Strictly, Eq. A8 holds for constant parameters, whereas we allow Ĵ E to vary with time according to Eq. 2. Rigorous solution to Eqs. 2 and A8 requires a fully three-dimensional transient energy balance in place of Eq. A1. Subsequent analysis to obtain tear-film evaporation rate from measured ocular-surface temperature and tear-film breakup area then is overly complicated and impractical. Fig. 6 correspond to best fits to obtain β (the fraction of pure-water evaporation rate due to the resistance of an intact tear-film lipid-layer coating) from Eq. 2 and A8 for the same three subjects in Figs. 3 and 5 . Modified heat-transfer theory now shows excellent agreement with the experiment. The reason for the discrepancies of the unmodified theory in Fig. 5 is the increased tear-film evaporation rate at longer times due to poor insulation of the protective lipid layer over growing tear-film breakup areas of the tear film. A well-insulating lipid layer reduces tearfilm evaporation rate significantly, but only in those areas of the tear film where it remains effective. For the three subjects in Figs. 3 , 5, and 6, β varies between 0.5 and 0.24, indicating a 50 to 76% reduction, respectively, in the evaporation rate of pure water when aqueous tear is covered by a well-functioning tear-film lipid layer. Fig. 7 summarizes the obtained evaporation rates of lipidcoated tear for the nine subjects in terms of 1-β, the fractional reduction of the evaporation rate of pure water. Tear-film evaporation rates range from 10 −6 to 10 −5 g/cm 2 /s or 95 to 50% reduction from that of pure water. Flow-evaporimeter measurements give average tear-film evaporation rates of approximately 4 Â 10 −6 g/cm 2 /s, 8 in reasonable agreement with those determined here by ocularsurface temperature measurements. Accounting for local increases in tear-film evaporation rates due to tear-film breakup is critical to obtain reliable in vivo tear-film evaporation rates from ocular-surface temperature experiments.
RESULTS
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DISCUSSION
Simultaneous measurement of transient tear-film breakup area and ocular-surface temperature and analysis indicate that lipid-layer evaporative disruption precedes and colocalizes with tear breakup. 15, 20 Lipid-layer disruption either by local rupture or by local noninsulating thickness/composition change is apparently a prerequisite for subsequent localized tear rupture. 2 Once the tear-film lipid layer locally thins or breaks, 2,33 its protective role against tear evaporation diminishes. Enhanced tear-film evaporation rate through lipid-ineffective or lipid-free areas leads to observable tear-film breakup areas when the underlying tear-film rupture troughs thin enough for fluorescein quenching. 21, 22, 33 Tear-film evaporation rates are not constant either spatially or temporally. They commonly vary across the cornea during the interblink, 11, 19 but even more so because the tear-film lipid layer is not uniform. Augmented evaporation through tear-film breakup areas explains why those regions are cooler than the surrounding warmer wellinsulating lipid-covered regions and why the average tear-film evaporation rate increases with increasing tear-film breakup area. Only by incorporating local ineffective tear-film lipid-layer distribution with enhanced tear-film evaporation rate can our ocular-surface temperature measurements be properly interpreted and quantified. All evaporation measurements to date 8, 9, 31, 32, [34] [35] [36] report a time and spatially averaged rate. Not accounting for ineffective lipidlayer insulation in the averaged measurements underestimates the elevated tear-film evaporation rate in those localized regions, which is a major driver for evaporative dry-eye symptoms. 3, 5, 37 Another potentially important insight on evaporative dry eye is gleaned from our extended heat-transfer model: it permits assessment of the tear-film evaporation rate through intact tear-film lipid layer, not an average value through both lipid-ineffective and lipidinsulated tear. For the nine subjects studied, an effective tear-film lipid layer reduces tear-film evaporation rate by 50 to 95% (i.e., a 2-to 20-fold reduction) when compared with pure water, in line with generally accepted values. 1, 8, 24, 25, 38 Intersubject variability of tear-film evaporation rate reduction by the tear-film lipid layer is likely mediated by a combination of factors including tear-film lipid-layer composition, 39 thickness, 40 and organization. 41 Even with a uniformly coated lipid layer, however, relatively high tear osmolarity can still occur, albeit not as high. For example, a stable tear film covered by homogeneous lipid layer offering 50% tearfilm evaporation rate reduction makes the ocular surface more susceptible to a higher tear osmolarity than that afforded by a 95% lipid-layer evaporation rate reduction with nearly up to 50% tear-film rupture. Accordingly, tear-film instability is not an unassailable diagnostic for meibomian gland dysfunction. 37 Tear hyperosmolarity can still occur in the absence of lipid-layer rupture if the intact tear-film lipid layer is poor at inhibiting tear evaporation. 42, 43 Most importantly, an evaporative-ineffective lipid layer may explain why patients who present long tear-breakup times or who blink frequently, which theoretically prevents tear-film lipidlayer rupture, may yet be susceptible to evaporative dry eye. Because the subjects studied here were not prescreened for dye-eye symptoms, additional work is needed to understand the etiology of tear-film evaporation rate reduction by an intact tear-film lipid layer and the importance of tear-film lipid-layer rupture in evaporative dry eye and contact-lens discomfort.
Simultaneous ocular-surface temperature and tear-film breakup area data 15, 20 re-enforce the physical picture of lipid-initiated evaporative tear-film breakup first enunciated by Peng et al. 2 Once the thin tear-film lipid layer locally loses barrier effectiveness, a cascade of events follows: local enhanced tear evaporation and cooling, local tear thinning to fluorescein quenching and blackness in spots and streaks, and local increased salt concentrations. Local osmolarity in tear-film breakup areas is high enough to cause discomfort and contribute to dry-eye symptoms. 2, 3 Nevertheless, the range of tear-film evaporation rate reduction observed for homogeneous, intact tear-film lipid layers argues that it is important to understand not only the propensity of tear-film lipid layer to rupture, but also the properties that mediate lipid-layer evaporation rate reduction. 2, 42, 44 Therefore, prevention of evaporative dry-eye discomfort points to stabilizing the tear film against rupture and to improving the ability of the tear-film lipid layer to reduce tear-film evaporation rate. 45 
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